Our study investigated reactive oxygen species (ROS) generation and angiotensin II type 1 receptor (AT 1 -R) expression in primed polymorphonuclear leukocytes (PMNs) of dyslipidaemic subjects over prolonged statin treatment.
Introduction
Although the role of polymorphonuclear leukocytes (PMNs) as an inflammatory cell type in the defence against bacterial components have been long recognized in sepsis and local infections, a direct involvement of neutrophils in the first phases of the atherosclerotic processes such as endothelial dysfunction and initial plaque formation has been suggested only recently. 1 The fully activated PMNs release reactive oxygen species (ROS), proteases, and granule contents to the surrounding milieu, resulting in oxidative stress and lipid peroxidation. 2, 3 Moreover, compelling evidence in neutrophils supports a role for ROS as signalling molecules in diverse intracellular pathways including phagocytosis, secretion, gene expression, and apoptosis that further modulate the inflammatory response, particularly during the early phases of inflammation. 4 As regards the functional alterations which occur at the cellular level in atherosclerosis, a primed state of PMNs, associated with increased oxidative stress and pro-inflammatory cytokine release, has been described both in animals and in humans with high cardiovascular risk, hypercholesterolaemia, hypertension, diabetes, and renal failure. 5 -10 However, a reduced superoxide anion generation was also described in dyslipidaemia. 11 Recently Jacobi et al. 12 reported pro-inflammatory changes in umbilical endothelial cells induced by primed PMNs from patients treated with haemodialysis, demonstrating that functionally altered PMNs can be direct mediators of endothelial cell injury and therefore involved in the initial stage of vascular atherosclerosis. Angiotensin II is one of the most potent pro-atherogenic factors, being inflammatory and hypertrophic stimuli mediated through the angiotensin II type 1 receptor (AT 1 -R). 13 Few studies in humans demonstrated an upregulation of the expression of platelet AT 1 -Rs in hypercholesterolaemia and showed that AT 1 -R antagonism may improve hypercholesterolaemia-associated endothelial dysfunction. 14, 15 Moreover, we have recently demonstrated that PMNs of healthy subjects at high cardiovascular risk show increased AT 1 -R expression when compared with subjects at low risk. 16 Angiotensin II is a major mediator of oxidative metabolism, and the renin-angiotensin system could be involved in the increased oxidative stress associated with hyperlipidaemia. 10,17 -19 Statins may interfere at various levels, including a modulation of oxidation pathways, with the processes leading to atherosclerosis. 20 Previous studies from our group showed that short-term simvastatin administration could affect PMN cellular properties. 9, 16 However, although atherosclerosis may be viewed as a 'continuum' from cellular changes to clinical events, no study has previously determined the effect of prolonged statin treatment, as usually indicated in the clinical setting, on the intracellular ROS levels in PMNs. Moreover, no data are available on AT 1 -R expression following a long-term statin treatment. Thus, the present observational study was designed to investigate whether a change in the pro-inflammatory pattern (ROS generation and AT 1 -R expression) of primed PMNs of hypercholesterolaemic subjects bearing a moderately increased risk for vascular events (and therefore affected by early and pre-clinical cellular manifestations of atherosclerosis) could be observed during a prolonged simvastatin treatment. Moreover, as secondary endpoints, we sought to investigate the potential modulation of angiotensin II-induced ROS generation by simvastatin and to evaluate the direct in vitro effects of simvastatin on AT 1 -R expression in these cells.
Methods Subjects
In 16 healthy dyslipidaemic subjects, whites, PMNs were isolated from venous blood (see what follows) (i) before any pharmacological treatment and (ii) during short-term (1 month) and (iii) long-term (1 year) simvastatin treatment (20 mg assumed at 10 PM) to investigate ROS production and to assess the mRNA AT 1 -R expression. The subjects were enrolled consecutively at our Lipid Clinic (Clinical Medicine, University of Insubria, Varese, Italy), where they came for evaluation of dyslipidaemia. As for inclusion criteria to be enrolled in this study aimed at evaluating potential differences occurring after 1 year of treatment, the dyslipidaemic subjects were at increased cardiovascular risk showing a 'moderate risk' for vascular events according to the National Cholesterol Education Program-Adult Treatment Panel III (ATPIII) guidelines, 21 and no disease was found after a clinical examination and routine laboratory tests. Moreover, the subjects were included in the study if a lipid-lowering pharmacological treatment with statins was clinically indicated and they did not assume any pharmacological treatment. We considered ongoing clinical infection and/or the presence of infections in the previous 3 months as well a smoking habitus and competitive sporting activities as exclusion criteria. Of the initially evaluated 20 patients who fulfilled the inclusion criteria, three smokers were excluded, one patient dropped out from the study at the 1-year evaluation. No patient had to be excluded because of infections and none was involved in competitive sporting activities. The patients were studied after 6 weeks of life-style modification including dietary treatment (qualitative counselling) and recommendations for mild physical activity. The patients were then asked to maintain the same level of physical activity and a similar diet; besides the evaluations scheduled for the study on neutrophils, they were followed for clinical evaluations and standard laboratory exams at the third and the sixth month after starting the statin.
Since only a few studies have been performed in humans on the altered cellular properties of neutrophils in subjects prone to develop atherosclerosis, a group of healthy subjects was included to determine whether the increased-risk patient population actually differed at baseline from subjects showing a low cardiovascular risk. Healthy subjects were enrolled while evaluated for a general clinical check-up. To be included, the subjects had to be in the same age range as our patient population, to show a low cardiovascular risk according to ATPIII guidelines, to be free of diseases in personal history, and, as for the increased-risk patient studied, they had to be free of any pharmacological treatment. The exclusion criteria were the same as those for the increased-risk patient group. All the healthy subjects asked to be enrolled as potential controls agreed to be evaluated.
All the patients were evaluated during a clinical visit on the basis of familiar and personal history. Blood samples were obtained to perform routine laboratory examination and to isolate circulating PMNs for subsequent studies by using heparinized tubes between 8.00 and 9.00 AM, after a fasting night. All the subjects were previously asked not to take coffee, tea, chocolate, or cola-containing substances for the 24 h preceding the evaluations. Table 1 shows the descriptive statistics of clinical and laboratory findings of the dyslipidaemic subjects at baseline and healthy subjects. Our study complies with the Declaration of Helsinki; the local Ethics Committee has approved the research protocol, and informed consent has been obtained from the subjects.
Cell isolation
Whole blood was allowed to sediment on dextran at 378C for 30 min. Supernatant was recovered and PMNs were isolated by standard density-gradient centrifugation as described previously. 9 Contaminating erythrocytes were eliminated by 10-min hypotonic lysis in distilled water with added NH 4 Cl 8.2 g/L, KHCO 3 1.0 g/L, and EDTA 37.0 mg/L. Cells were then washed three times in NaCl 0.15 M. Purity and viability of PMNs preparations were always .95%, and no platelets or erythrocytes could be detected either by light microscopic examination or by flow cytometric analysis.
Determination of reactive oxygen species generation
Intracellular ROS levels were assessed by using the redox-sensitive dye dichlorodihydrofluorescein-diacetate (C-DCDHF-DA; Molecular
Prolonged statin-associated reduction in neutrophil ROS and AT1-R expression Probe, Eugene, OR, USA) as described previously. 9 ROS levels were detected with a Perkin-Elmer LS-50B spectrofluorimeter using an excitation wavelength of 488 nm; fluorescence emission was collected at 525 nm. Results were then expressed as fluorescence intensity (FI). RNA isolation and real-time polymerase chain reaction (PCR) analysis of angiotensin II type 1 receptor mRNA
Total mRNA was extracted from 1 Â 10 6 cells by Perfect RNA Eukaryotic Mini Kit (Eppendorf, Hamburg, Germany) and the amount of extracted RNA was estimated by spectrophotometry at 260 nm. Total RNA was reverse-transcribed using the high-capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's instructions, as described previously. 16 Real-time PCR was performed by means of an ABI prism 7000 apparatus (Applied Biosystems) using the assay on demand kit for human AT 1 -Rs (Applied Biosystems). Cycles included one 2-min hold (508C); one 10-min and 45 15-s cycles of denaturation (958C). Raw data were analysed by the ABI prism SDS software (Applied Biosystems). Levels of mRNA were quantitated by reference to a standard curve generated by performing serial dilutions (1:10; 1:50; 1:500; 1:1000; 1:10 000) of the total mRNA obtained from PMNs. The values were then normalized for ct values of 18S ribosomal RNA.
Angiotensin II-induced reactive oxygen species generation in polymorphonuclear leukocytes of dyslipidaemic subjects before and during statin treatment
In PMNs of a subgroup of six dyslipidaemic subjects (the last six enrolled), the direct effect of (i) angiotensin II (50 mM) alone, (ii) simvastatin (10 mM) alone, and (iii) angiotensin II after simvastatin incubation (1 min) was studied before and during short-term clinical statin treatment. Results were expressed as delta percentage (DFI) variations between resting production and 30-min responses induced by in vitro stimulation with the different compounds.
In vitro effect of simvastatin on angiotensin II type 1 receptor mRNA in polymorphonuclear leukocytes obtained by untreated dyslipidaemic subjects
In the subgroup of six dyslipidaemic subjects, PMNs were also evaluated once (when the subjects did not assume any pharmacological treatment) to investigate the mRNA AT 1 -R expression (i) at baseline, (ii) after incubation with angiotensin II (50 mM), (iii) after incubation with simvastatin (10 mM), and (iv) after co-incubation of both angiotensin II and simvastatin.
Effect of angiotensin II on reactive oxygen species generation in polymorphonuclear leukocytes of healthy subjects
In PMNs of a subgroup of six healthy subjects (the last six enrolled), the direct effect of angiotensin II (0.1 -50 mM) on ROS generation was also tested. Moreover, in order to assess the ability of simvastatin to counteract the angiotensin II-induced ROS generation, cells were pre-treated (1 min) with simvastatin (10 mM) before the incubation with angiotensin II. Results are expressed as delta percentage (DFI) variations between resting production and 30-min responses induced by in vitro stimulation with the different compounds.
Statistical analysis
Data are presented as median and 25 -75th percentile range (IQR). Comparisons between dependent measures were performed with the Wilcoxon signed-rank test. The Bonferroni correction was applied for post hoc comparisons. Comparisons between independent measures were performed with the Mann-Whitney U test. The mean difference and its 95% confidence interval (95% CI) were computed to quantify both changes in time and differences between cases and healthy subjects. The relationships between the functional parameter changes (ROS) and AT 1 
Results
Reactive oxygen species generation from polymorphonuclear leukocytes of dyslipidaemic individuals and healthy subjects PMNs of dyslipidaemic subjects showed an increased ROS generation following stimulation with fMLP when compared with healthy subjects both as regards the DfMLP-induced ROS production and AUC ( Table 2) ; the mean difference and 95% CI between controls and untreated dyslipidaemic individuals was 286.3 FI (2151.6 to 221.1) and 21152 FI Â min(22421 to 118.4), respectively.
The DfMLP-induced ROS production and AUC were significantly reduced after 1-year simvastatin treatment ( Table 2) [mean differences (95% CI) between untreated dyslipidaemic individuals and 1-year values: 72.9 FI (23.8 to 149.7) and 1145 FI Â min(2110.6 to 2400)]; the values obtained at the 1-year evaluation were reduced to values similar to those observed in healthy subjects (P ¼ 0.12 and P ¼ 0.45 for the D and AUC, respectively).
The PMA-induced ROS generation did not significantly differ between untreated dyslipidaemic subjects and controls, nor was significant difference observed during treatment either as regards the DPMA-induced ROS production and AUC ( Table 2) . Figure 1 shows a typical pattern of ROS generation in one dyslipidaemic individual at baseline and during treatment and its matched control.
mRNA angiotensin II type 1 receptor expression in polymorphonuclear leukocytes of dyslipidaemic individuals and healthy subjects
The mRNA AT 1 -R expression differed in the PMNs of healthy subjects and moderately increased cardiovascular risk subjects when evaluated at baseline (P , 0.001) [ (Figure 2) .
Effect of statin in vitro and during clinical administration of treatment on angiotensin II-induced reactive oxygen species generation in polymorphonuclear leukocytes of dyslipidaemic individuals
When the direct effects of angiotensin II alone, simvastatin alone, and angiotensin II after simvastatin incubation were studied in vitro before statin treatment (in PMNs of dyslipidaemic individuals at baseline), both angiotensin II and simvastatin alone or co-incubated were found to increase ROS generation (P ¼ 0.0002, P ¼ 0.031, and P ¼ 0.0086, respectively). In vitro effect of angiotensin II on reactive oxygen species generation in polymorphonuclear leukocytes of healthy donors
As shown in Figure 5 , incubation of PMNs with angiotensin II (0.1 -50 mM) induced an increase of ROS generation; this increase was concentration-dependent and reached the statistical significance at the concentration of 50 mM (P , 0.05 vs. resting value). Pre-treatment with simvastatin (10 mM) significantly reduced the angiotensin II-induced effects (P , 0.05). Relationship between the clinical parameters and polymorphonuclear leukocyte functional response changes during statin treatment
The body mass index and the blood pressure values did not significantly change during follow-up. As expected, total cholesterol, LDL cholesterol, and apolipoprotein B were significantly reduced when comparing baseline (baseline values: see Table 1 
Discussion
The main finding of this study is the observation that patients on clinical simvastatin treatment over a long-term follow-up (1-year treatment) elicit changes of the altered PMN properties of dyslipidaemic subjects, including total intracellular ROS generation and AT 1 -R expression, and that the reduction observed during statin treatment in AT 1 -R expression contributes to the normalization of key cellular functions in human neutrophils.
Increasing experimental data identify peripheral immune cells and particularly PMNs as culprit cells in the processes associated with endothelial cells modifications linked with initial atherosclerotic vascular damage. 8, 12, 22 Oxidative stress plays a key role in the pathophysiology of several major cardiovascular diseases, and antioxidant effects of statins have been demonstrated in animal studies. 23 -25 We describe here at a cellular level that a complete normalization in ROS generation after a membrane stimulation by fMLP 26 occurs during prolonged simvastatin treatment in primed human PMNs of subjects at moderately increased vascular risk. The prolonged follow-up has important clinical implications as regards the findings reported here on PMN functional responses. The population studied is both healthy and at 'intermediate' cardiovascular risk, thus with early and pre-clinical atherosclerosis: the demonstrated prolonged action on cellular pro-inflammatory response pattern using a statin treatment which is clinically indicated for lifelong therapy is therefore particularly interesting in the cell type studied (neutrophils), known to be involved in the early phases of the atherosclerotic process. Previously, in hypercholesterolaemic patients, statin administration for 1 and 2 months was reported to reduce the urinary excretion of the isoprostane 8-iso-prostaglandin F 2a , an index of systemic oxidative stress. 27 Moreover, in hypercholesterolaemic subjects followed for 12 weeks, atorvastatin-induced reductions in systemic 'oxidation markers' (oxidation products produced by myeloperoxidase and NO-derived oxidants) were independent of statin-induced Prolonged statin-associated reduction in neutrophil ROS and AT1-R expression alterations in total cholesterol, LDL cholesterol, and apolipoprotein B. 28 In line with those results, in our study, the lipid profile changes were independent of the variations observed in ROS generation by PMNs. An important role for peripheral leukocytes in angiotensin II-dependent inflammation was recently demonstrated in hypercholesterolaemic mice in which the adhesion of leukocytes to venular endothelium (and subsequent tissue migration) was directly related to AT 1 -R expression on the white blood cells themselves 29 and it has been suggested that an inflammatory state may induce feedforward mechanisms in which increasing AT 1 -R expression in leukocytes maintains inflammation mediated through these receptors. 30 In this study, though performed in a limited number of subjects, the treatment with simvastatin was associated with a marked and prolonged downregulation of the increased mRNA AT 1 -R expression observed in PMNs of dyslipidaemic subjects at moderately increased cardiovascular risk. The AT 1 -R mediates pro-inflammatory effects of angiotensin II by activating transcription factors such as NF-kB, and activation by angiotensin II of p38MAPK, ERK1/2, and JNK1/2 was observed in human neutrophils. 22, 31, 32 We previously reported that a short-term simvastatin treatment is able to reduce mRNA AT 1 -R expression in PMNs of high-risk subjects, 16 therefore this study rules out potential tolerance phenomena which could have occurred during longer clinical treatment. Moreover, the mRNA expression after 1-year treatment was even lower than the value observed in the healthy subjects.
Besides the statin effects observed in our study on ROS generation induced after non-specific stimulation (such as the membrane stimulation by fMLP) and thus possibly resulting in vivo from diverse pro-inflammatory pathways, the angiotensin II-induced ROS generation by PMNs of these individuals was blunted during clinically administered statin treatment, showing a reduced functional response to angiotensin II in terms of oxidative stress of PMNs obtained from treated patients. PMNs activation is carried out as a series of successive events that are initiated by interaction of external signal through G-protein-coupled receptors that activated phospholipase C. This interaction splits membrane phospholipids that finally result in intracellular Ca 2þ efflux from nonmitochondrial pools, and intracellular Ca 2þ increases drastically. 33 A typical stimulus acting via G-protein-coupled receptor is fMLP, whereas PMA, due to its ability to penetrate easily into cells and its structural similarity to diacylglycerol, is a strong activator of protein kinase C. 34 In our patients, the lack of statintreatment-induced changes in ROS generation after stimulation with PMA, associated with a significant reduction of fMLP-stimulated generation, could suggest a modulation of ROS generation by statin at the membrane site, either mediated by reduced LDL or through cellular changes. The latter may include the reduced AT 1 -R mRNA expression observed in our patients. This interpretation of data is supported by the finding of a direct action of statin on AT 1 -R expression in our in vitro experiments showing for the first time that simvastatin (alone or co-incubated with angiotensin II) is able to reduce the upregulated mRNA AT 1 -R expression of PMNs of untreated dyslipidaemic individuals. The inhibition of 3-hydroxy-3-methylglutaryl-CoA reductase by statins decreases isoprenoid intermediates such as farnesyl-PP and geranylgeranyl-PP, which leads to an inhibition of isoprenylation of small GTPases. 35 Rac1 and Rac2 are present in human neutrophils and are relevant for the cellular function, being Rac2 the predominant GTPase isoform and a necessary integral component of NADPH oxidase, whereas Rac1 is the predominant expressed isoform in human monocytes; 36,37 the activation of Rac2 by angiotensin II is exerted through multiple signalling pathways, involving Ca 2þ /calcineurin and protein kinases. 38 Moreover, previous observations in PMNs of healthy donors have pointed to a direct effect of simvastatin on the membrane-associated Rac1 after angiotensin II stimulation. 16 Previously, only the selective angiotensin II-stimulated oxide anion production was shown to be reduced in neutrophils by fluvastatin 10 and it has been reported in monocytes that the in vitro pre-incubation with lovastatin was able to interfere with superoxide anion production. 39 Moreover, the decreased ROS generation observed during simvastatin treatment in our clinical longitudinal study seems to be associated with the clinical administration and/ or related to the interference with angiotensin II-mediated stimulation, whereas the crude effect of in vitro simvastatin alone resulted in a slight increase of ROS generation in PMNs of untreated subjects. The in vitro effect of statins on enhanced pro-inflammatory molecules generation has already been described, and for pre-treatment of monocytes with similar doses of simvastatin used in our in vitro study (10 mM), an increase in reactive oxygen intermediates has been observed. 40 The direct involvement of angiotensin II in ROS generation in PMNs is also sustained by our in vitro experiments in healthy donors: incubation of cells with angiotensin II significantly increased ROS generation in a dose-dependent manner, and this effect was reduced in the presence of simvastatin. These data show that the intracellular oxidative stress of PMNs may be modulated by the effects of simvastatin treatment on the AT 1 -R.
In conclusion, our longitudinal study in dyslipidaemic individuals with moderately increased risk for cardiovascular events suggests in the 1-year follow-up that functional modulation of PMN oxidative response and AT 1 -R expression (both intimately involved in the initial atherosclerotic process) may be related to statin treatment. Therefore, statin is consistently associated with the reversion of the dysregulated PMN function occurring during the pre-clinical development of atherosclerosis. This hypothesis could deserve further validation within randomized placebocontrolled clinical trials.
